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Open access under CC BYAnthropogenic and climate inﬂuences on temporal changes in water discharge and sediment load were
examined in the Pearl River in China. Increasing, undulating, and decreasing phases were found in the
years 1954–1983, 1984–1993, and 1994–2009, respectively. Between 1954 and 1983, water discharge
and sediment load increased by 18% and 32%, respectively. During an undulating phase between 1984
and 1993, a marked up in water discharge and sediment load was followed by suddenly rebounded dis-
charge. From 1994 to 2009, water and sediment decreased by 32% and 83%, respectively. These trends
were generally in agreement with changes in precipitation, suggesting climatic inﬂuences on a decadal
timescale, although the changes in sediment load were also related to human activities. Human impact
on sediment load can also be identiﬁed as three major phases. In the 1950–1970s, deforestation in the
catchment was balanced by dam construction, resulting in no signiﬁcant net change in sediment load.
In the 1980s, however, the inﬂuence of the deforestation outweighed dam construction, resulting in an
increase in sediment load. Since the 1990s, dam construction and soil preservation have decreased sed-
iment load quickly, and the monthly sediment loads were lower in post-dams period than in the pre-
dams period. Since the closure of the Longtan and Baise Dams in 2006, the sediment load in the Pearl
River has decreased by 70% relative to the level of the 1950–1980s. Of this change, 90% was caused
by dam construction and 10% was due to by climate change. In the coming decades, the sediment load
in the Pearl River will probably continue to decrease as the new dams are built within the watershed.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
By discharging freshwater, as well as solid and dissolved matter,
rivers provide the primary link between the land and sea, and lar-
gely determine the nature of estuarine and coastal environments
(Milliman and Farnsworth, 2011). In recent decades, the water
discharge and sediment load of the world’s rivers have been
increasingly altered by human activities and climate change (e.g.,
Vörösmarty et al., 2003; Nilsson et al., 2005; Walling, 2006; Meade
and Moody, 2010). For example, since its construction in 2003, the
Three Gorges Dam has retained ca. 150 Mt/yr of sediment, which
has reduced the Yangtze River’s sediment discharge to the sea by
about one third (Yang et al., 2007b). In the Yellow River, water
and sediment discharges have decreased to less than 20% of their
pre-dam levels in 1950–1960s owing to a decrease in precipitation,
water withdrawal, soil conservation, and dam construction (e.g.,
Xu, 2003; Wang et al., 2007; Chu et al., 2009). Conversely, some
rivers have shown signiﬁcant increases in water discharge due ton, slyang@sklec.ecnu.edu.cn
-NC-ND license. an increase in precipitation or thawing of glaciers and permafrost
under climate warming (Walling and Fang, 2003), or have shown
signiﬁcant increases in sediment discharge due to deforestation
and mining activity (Walling, 2006). It has been predicted that cur-
rent trends of glacier melt and potential climate change may cause
the Ganges, Indus, Brahmaputra and other rivers to become sea-
sonal rivers under the control of monsoon in the near future
(Immerzeel et al., 2010). The causes of changes in water discharge
and sediment load differ from river to river and vary through time.
There is a need to add and update knowledge of these inﬂuences
for speciﬁc rivers, particularly large rivers, to aid global as well
as regional environmental management.
The Pearl River is one of the world’s 25 largest rivers in terms of
annual water discharge and sediment load (Eisma, 1998; Zhao
et al., 2000). In China, the Pearl River ranks second (after the
Yangtze River) in terms of water discharge and third (after the
Yellow and Yangtze rivers) in terms of sediment load. Since the
1980s, China has entered an era of rapid economic growth, which
has resulted in an upsurge in dam construction (e.g., Yang et al.,
2005). Since the 1990s, soil preservation measures have been
increasingly employed, and more projects have been conducted
to reduce soil erosion in the drainage basins of these rivers.
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charge and sediment load, as well as the anthropogenic and cli-
matic causes of these changes in the Yangtze River (e.g., Yang
et al., 2002; Yang et al., 2006; Chen et al., 2005; Zhang et al.,
2006; Xu et al., 2007; Hu et al., 2011) and in the Yellow River
(e.g., Yang et al., 1998; Xu, 2003; Lu, 2004; Wang et al., 2007; Peng
et al., 2010). In comparison, relatively less is known of the Pearl
River. Although a few studies have examined temporal changes
in water and sediment discharges and their causes (e.g., Dai
et al., 2008; Zhang et al., 2008), they were based on annual datasets
before 2005. In 2006, the Longtan Dam (LD), the largest in terms of
reservoir storage capacity in the Pearl River basin, was closed
across the upper main river. The impact of this dam closure on an-
nual water discharge and sediment load is not known. In addition,
the anthropogenic impact on seasonal distribution of the annual
water discharge and sediment load in the Pearl River has not been
examined in the previous studies (Dai et al., 2008; Zhang et al.,
2008). More importantly, a greater understanding of anthropo-
genic and climatic inﬂuences on water discharge and sediment
load in the Pearl River is needed. Speciﬁcally, separating anthropo-
genic impacts from climate inﬂuences on water and sediment dis-
charge is necessary, particularly on a decadal scale, and
quantitatively analyzing the contribution rate of climate inﬂuence
and human activities.
In the present study, we focus on anthropogenic and climatic
inﬂuences from seasonal to decadal changes on water discharge
and sediment load in the Pearl River, using datasets on precipita-
tion, water and sediment discharge from 1954 to 2009. Informa-
tion of relevant human activities within the river catchment,
such as dam construction, deforestation/afforestation, and soil
preservation, are used to explain these changes. Our main objec-
tives are to: (a) identify phases during which temporal trends
and/or signiﬁcant changes in annual water discharge and sediment
load can be recognized, and to assess the relative contributions ofFig. 1. Sketch map of the Pearl River basin, with lochuman activities and climate change during these phases; (b)
examine the impacts of recently constructed major dams on an-
nual water discharge and sediment load, and; (c) examine the tem-
poral changes in seasonal patterns of water discharge and
sediment load, and their anthropogenic causes. In comparison with
previous studies from the Pearl River, this article is new in aspects:
(1) revealing the anthropogenic impact on annual water and sedi-
ment discharge since the construction of the LD (the largest dam)
in 2006; (2) examining the anthropogenic impact on seasonal dis-
tribution of annual water and sediment discharge since 1954; and
(3) separating anthropogenic impacts from climate inﬂuences on
water and sediment discharge in difference periods since the
1950s. The methodology of this article is assumedly to be also use-
able for studies of other rivers in terms of quantifying anthropo-
genic and climatic inﬂuences on water and sediment discharge.
2. Regional setting
The Pearl River originates from the Yunnan Plateau, crossing hill
country and even mountainous areas (Wu and Zhou, 2001), and
extending 2400 km eastwards to the South China Sea. The river
catchment is 450,000 km2 in area, and experiences a subtropical
and tropical monsoon climate straddling the Tropic of Cancer. The
dry season extends from October to March, followed by a rainy sea-
son from April to September. The multi-year mean annual temper-
ature within the catchment is 14–22 and the catchment-wide
average precipitation is 1470 mm/yr (Dai et al., 2008). The Pearl Riv-
er is an important freshwater source for large cities in the delta re-
gion, including Hong Kong, Macau, Guangzhou, and Zhuhai (Zhang
et al., 2008). The compound river system comprises three major
tributaries: the West River (WR), the North River (NR), and the East
River (ER), as well as smaller rivers draining into the Pearl River del-
ta (Fig. 1). The ‘‘Pearl River’’ water and sediment data in this study
are deﬁned as the sum of these three tributaries. As the largestations of major gauging stations and reservoirs.
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355  103 km2, a water discharge of 228 km3/yr, and a sediment
load of 64.5 Mt/yr (1 Mt = 106 t). The length, catchment area, water
discharge, and sediment load of the North River are 14.4%, 8.5%,
14.6%, and 7.5% of that of the West River, respectively; the equiva-
lent ﬁgures for the East River are 17.3%, 5.6%, 8.2%, and 3.3%, respec-
tively (Table 1). These three rivers cover 96% of thewhole Pearl River
basin area, and represent the combined water discharge and sedi-
ment load from the Pearl River to the South China Sea.
The population of the Pearl River basin has increased from
100 million in 1964 to 230 million in 2009. As with the Yangtze
River (Yang et al., 2002), the area of the Pearl River basin affected
by soil erosion has signiﬁcantly increased due to anthropogenic
impacts. In 1991, China issued a Soil Preservation Law, and since
its introduction, many soil preservation projects have been started
within the basin. Numerous dams have also been constructed since
the 1960s. In 2005, the total reservoir storage capacity in the basin
had increased to 65 km3, or 23% of the annual water discharge of
the Pearl River (Dai et al., 2008). The Longtan Dam and Baise
Dam were closed in 2006, and have a reservoir storage capacity
of 27.3 and 5.66 km3, respectively (Table 2).Table 1
Hydrologic gauging stations on the main tributaries of the Pearl River (SSC: suspended se
Rivers Stations Catchment area (103 km2) Length (km) Wate
West River Gaoyao 351.5 2214 220.2
North River Shijiao 38.4 468 41.6
East River Boluo 25.3 562 23.4
Table 2
Major dams and reservoirs in the Pearl River basin (Storage ratio: the ratio of maximum rese
North River; ER: East River).
Reservoir Sub-catchment Year of dam
closure
Maximum storage capacit
(km3)
Qingshitan (QD) Tributary of
WR
1960 0.60
Xijin (XD) Tributary of
WR
1964 1.40
Chengbihe (CD) Tributary of
WR
1966 1.20
Mashi (MD) Tributary of
WR
1971 0.27
Etan (ED) Main river of
WR
1981 0.95
Dahua (DD) Main river of
WR
1982 0.96
Lubuge (LBD) Tributary of
WR
1988 0.11
Yantan (YD) Main river of
WR
1992 3.38
Bailongtan (BLD) Main river of
WR
1996 0.34
Tianshengqiao
(TD)
Main river of
WR
1997 10.80
Baise (BD) Tributary of
WR
2006 5.66
Longtan (LD) Main river of
WR
2006 27.30
Nanshui (ND) Tributary of NR 1971 1.25
Changhu(CHD) Tributary of NR 1973 0.16
Feilaixia (FD) Main river of
NR
1999 1.95
Xinfengjiang
(XFD)
Tributary of ER 1960 13.90
Fengshuba (FSD) Tributary of ER 1973 1.93
Baipenzhu (BPD) Tributary of ER 1985 1.223. Datasets and methodology
3.1. Datasets
Monthly precipitation (1954–2009) data recorded at 10 gauging
stations within the Pearl River basin were obtained from the
Weather Bureau of China. Because the ten stations are roughly
evenly-spaced, we took the average of these stations as the catch-
ment-wide precipitation. Monthly and annual water discharge and
sediment load data were derived from the Sediment Bulletins of
China Rivers issued by the Ministry of Water Resources of China
(MWRC). The gauging stations used are all ranked as ﬁrst-class sta-
tions in China and are operated following the national criterion in
the Code for Measurements of Suspended Sediment in Open Chan-
nels (GB 50159-92) established by the MWRC (MWRC, 1992). The
hydrological data series are consecutive from 1954 except for the
dataset at Gaoyao (the lowest gauging station on the West River),
for which monthly water and sediment discharges are commonly
missing between 1954 and 1956. Given the strong correlation be-
tween data recorded at Gaoyao and Wuzhou (a station located
166 km upstream from Gaoyao; R2 = 0.99 for water discharge anddiment concentration).
r discharge (km3/yr) Sediment load (Mt/yr) SSC (g/L) Series length
64.49 0.23 1954–2009
5.45 0.13 1954–2009
2.36 0.10 1954–2009
rvoir storage capacity to annual water discharge at the dam site; WR: West River; NR:
y Dam height
(m)
Basin area
(104 km2)
Storage ratio
(%)
Sediment load
(Mt)
62 0.05 6.0 0.06
51 7.73 4.0 8.04
70 0.21 123.0 0.21
34 0.20 1.0 0.17
63 11.80 1.4 42.20
75 11.20 1.5 42.00
104 0.73 2.0 0.53
110 10.70 6.0 42.10
28 11.30 1.0 42.20
180 5.01 56.0 16.48
130 1.96 56.0 2.43
192 9.85 60.0 44.76
80 0.06 12.0 0.08
66 0.48 3.0 0.64
52 3.40 58.0 4.08
124 0.57 223.0 0.77
92 0.52 44.0 0.61
66 0.09 15.0 0.10
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this station. Tests of the predicted values indicated that 99% and
96% of the data variance was explained by water discharge and
sediment load, respectively, at the 95% conﬁdence level (Fig. 2).
The timing and extent of human activity in the Pearl River basin,
including dam construction and deforestation/afforestation, were
determined from the literature (Dai et al., 2008; Zhang et al.,
2008; and reservoir data were derived from the database at
http://www.gxsw.gov.gn/html/index.html).
3.2. Methods
The non-parametric Mann–Kendall (MK) test, which is a useful
method with which to assess temporal trends in hydro-meteoro-
logical data series (e.g., Yue et al., 2002; Khaliq et al., 2008; Yang
et al., 2010), was applied to precipitation, water discharge, and sed-
iment load data in the present study. The MK test is as follows:
Z ¼
S1
r S > 0
0 if S ¼ 0
Sþ1
r S < 0
8><
>: ð1Þ
where
S ¼
Xn1
i¼1
Xn
j¼i1
SgnðXj  XiÞ ð2Þ
SgnðxÞ ¼
þ1 x > 0
0 if x ¼ 0
1 x < 0
8><
>: ð3Þ
r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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s
ð4Þ
p ¼ 0:5UðjZjÞ
UðjZjÞ ¼ 1ﬃﬃﬃﬃﬃﬃ
2p
p
Z jZj
0
et
2=2dt
  ð5Þ
where Xj and Xi are the sequential data values, n is the dataset
length, and ti is the number of ties of the extent i, Z is the standard-
ized test statistic value. S is test statistic, calculated by Eq. (2). The
Sgn() is equal to +1 if Xj is greater than Xi, 1 if Xj is less than Xi and
0 if Xj is equal to Xi. The U() denotes the cumulative distributionFig. 2. Predicted monthly water discharge and sediment load at Gaoyao station (1957
sediment estimates explain 99% and 96% of the data variance with 95% conﬁdence, respe
between observed data at Wuzhou and corresponding observed data at Gaoyao. The loc
stations are from MWRC. This ﬁgure is used to indicate that the predicted data for mi
reliable.function of standard normal variate. Positive and negative values
of Z indicate increasing and decreasing trends, respectively. The sta-
tistic Z follows a standard normal distribution N(0,1) (Burn and El-
nur, 2002). The signiﬁcance level of p-value of the MK test was
estimated using Eq. (5) (Yue et al., 2002). Where if p is lower than
0.1, the series trend is considered statistically signiﬁcant (Panda
et al., 2011).4. Results and discussion
4.1. Variations in annual precipitation, water discharge and sediment
load
4.1.1. Temporal variations in the whole Pearl River catchment
Increasing trends in the precipitation, water discharge, and sed-
iment load data for the Pearl River between 1954 and 1983 are sta-
tistically signiﬁcant (p = 0.02, p = 0.04, and p = 0.07, respectively)
(Fig. 3; Table 3). A linear regression indicated that these trends rep-
resent increases of 10%, 18%, and 32% over this period, respectively.
These results suggest that the increase in water discharge can be
attributed to climate change (i.e., an increase in precipitation),
and that the increase in sediment load was likely due to both cli-
mate change (i.e., increased water discharge) and anthropogenic
inﬂuences (e.g., deforestation). The plot of cumulative sediment
load against cumulative water discharge indicates that there was
a further increase in sediment load in the 1980s, independent of
water discharge (Fig. 4a). This was most probably due to deforesta-
tion. In the early 1980s, there was a rapid period of economic
development in China, particular in agriculture (Yang et al.,
2002). This transformation probably increased soil erosion and riv-
erine sediment load. A comparison between the increase in precip-
itation (10%) and sediment load (32%) during this period provides a
rough estimate that 30% of the increase in sediment load was due
to climate change, and 70% was due to deforestation.
Between 1984 and 1993, there was an undulating phase, from
1984 to 1989, there was a drop decease in precipitation, water dis-
charge and sediment load, with values being 22%, 30%, and 44%
lower than the values in 1983, respectively, however, between
1989 and 1993, there was a signiﬁcant increase in precipitation,
water discharge and sediment load, with values being 44%, 59%,
and 64% higher than that in 1989, respectively. Because the sedi-
ment load is usually correlate with a high power (>1) of water dis-
charge (Hu et al., 2011), the drop in water discharge was also–1979) compared with observed data. The comparison indicates that water and
ctively. The predicted data are based on independent linear regression relationships
ations of the two gauging stations are shown in Fig. 1b. The observed data at these
ssing monthly water and sediment discharges at Gaoyao in 1954–1956 are highly
Fig. 3. Temporal variations in annual water discharge and sediment load in the (a) Pearl River; (b) West River; (c) North River; and (d) East River (the light gray region
indicates the undulating phase between 1984 and 1993).
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trends in water and sediment discharges are mainly attributed to
climate change.Between 1994 and 2009, there was a decreasing trend for pre-
cipitation (p = 0.03), water discharge (p < 0.01) and sediment load
(p < 0.001) (Table 3), corresponding to decreases of 18%, 32%, and
Table 3
Results of the Mann–Kendall test for temporal trends in precipitation, water discharge, and sediment load in the Pearl River (Gaoyao, Shijiao, and Boluo stations) and its three
tributaries: the West River (WR at Gaoyan station), the North River (NR at Shijiao station), and the East River (ER at Boluo station).
River 1954–1983 1994–2009 1954–2009
Precipitation Water discharge Sediment load Precipitation Water discharge Sediment load Precipitation Water discharge Sediment load
Z p Z p Z p Z p Z p Z p Z p Z p Z p
Pearl R. 1.64 0.02 1.46 0.04 1.03 0.07 1.49 0.03 2.38 0.00 3.11 0.00 0.06 0.24 0.12 0.23 2.98 0.00
West R. 1.57 0.03 1.23 0.05 1.03 0.07 1.67 0.02 2.52 0.00 3.20 0.00 0.16 0.22 0.37 0.18 2.88 0.00
North R. 0.92 0.09 0.96 0.08 1.84 0.01 1.66 0.02 1.76 0.02 1.49 0.03 0.65 0.13 0.19 0.21 0.98 0.08
East R. 1.60 0.03 1.64 0.02 0.46 0.16 1.12 0.07 0.14 0.28 0.22 0.21 0.38 0.18 0.67 0.13 4.22 0.00
C.S. Wu et al. / Journal of Hydrology 452–453 (2012) 190–204 19583%, respectively (Fig. 3). The decrease in sediment load over this
period was attributed mainly to dam construction, although there
were also climatic inﬂuences. As shown in Table 2, the cumulative
storage capacity of the reservoirs constructed during this period
amounts to 46 km3, equivalent to 167% of the total storage capacity
in 1993. Similar to the Yangtze River (Yang et al., 2006), soil pres-
ervation practice may be a contributing factor to the rapid decrease
in sediment load measured in the Pearl River (Zhang et al., 2008).
Based on the decrease in precipitation (18%) during this period
(1994–2009) in the Pearl River, we roughly estimate that ca. 20%
of the decrease in sediment load was due to climate change, or
ca. 80% of the decrease in sediment load was due to anthropogenic
impacts (mainly dam construction).
A previous study using a dataset from the 1950s to 2004 indi-
cated that the water discharge of the Pearl River showed no signif-
icant trend, whereas the sediment load showed a signiﬁcant
decreasing trend (Zhang et al., 2008). In the present study, we
found similar results for the overall period of 1954–2009. Speciﬁ-
cally, we found an insigniﬁcant increasing trend in precipitation
(p = 0.24), an insigniﬁcant decreasing trend in water discharge
(p = 0.23), and a signiﬁcant decreasing trend in sediment load
(p < 0.001) (Table 3). Hence, the decreases in discharge, particularly
sediment load, have been caused by human activities. By 2005, the
total rate of deposition in the reservoirs within the Pearl River ba-
sin had reached 600 Mt/yr (Dai et al., 2008), which is more than
one order of magnitude greater than the total annual sediment dis-
charge to the sea.4.1.2. Comparisons among the Pearl River tributaries
More than 75% of the water discharge of the Pearl River, and
more than 85% of the sediment load, is derived from theWest River
(Table 1). The temporal variations in the West River were therefore
similar to those of the main Pearl River, as shown in Fig. 3 and Ta-
ble 3. However, the signiﬁcance level and slope of the trends were
generally different among the three Pearl River tributaries. For
example, from 1954 to 1983, the water discharges of the West Riv-
er, North River, and East River showed increasing trends at signif-
icance levels of 0.05, 0.08, and 0.02, representing increases of 15%,
26%, and 33%, respectively (Table 3; Fig. 3). For the period 1984–
1989, water discharges for the same rivers were 27%, 43%, and
51% lower than the values in 1983, respectively. From 1989 to
1993, water discharges for the same rivers were 40%, 65%, and
31% higher than the values in 1989, respectively. Between 1994
and 2009, the water discharge of the West River showed a signiﬁ-
cant decreasing trend (p < 0.01; a 34% decrease), as did the North
River (p = 0.02; a 35% decrease) (Table 3; Fig. 3). In contrast, the
water discharge of the East River showed an insigniﬁcant decline
over this period (Table 3; Fig. 3). For the whole measurement per-
iod (1954–2009), there was no signiﬁcant trend in water discharge
for any of the tributaries (p = 0.13–0.21). It is noteworthy that the Z
value of the MK Test was negative for the West River but was po-
sitive for the other two tributaries.During the period 1954–1983, sediment load increased by 31%
in the West River (p = 0.07) and by 89% in the North River
(p = 0.01). In contrast, sediment load in the East River decreased
by 15% during the same period, but this was not statistically signif-
icant (Table 3; Fig. 3). Between 1994 and 2009, sediment load in
the West River also decreased by 87% (p < 0.01) and in the North
River by 33% (p = 0.03), but again there was no signiﬁcant trend
in the East River (Table 3; Fig. 3).
These results suggest that climatic and anthropogenic impacts
on water discharge and sediment load generally varied among
the three tributaries of the Pearl River. Given that the tributaries
are located at different distances from the sea (Fig. 1), they may re-
spond differently to climate change. Speciﬁcally, the West River is
much farther inland than the North and East rivers. Runoff (i.e., the
ratio of water discharge to catchment area) for the West River
(620 mm/yr) is therefore much lower than for the North and East
Rivers (1020 mm/yr).4.2. Seasonal changes in precipitation, water discharge and sediment
load
Seasonally, the multi-year averages of monthly precipitation
and water discharge of the Pearl River were highest in June and
lowest in December –January, for both the pre-dams and post-
dams periods (Fig. 5a and b). These extreme monthly values are
about 1 month earlier than in the Yangtze River (Yang et al.,
2010), probably because the Pearl River basin is closer to the ocean
in particular the South China Sea than the Yangtze River basin (for
relative location of these two rivers, see Dai et al., 2009). In sum-
mer, the southwesterly monsoon winds assumedly transport vapor
to the Pearl River basin earlier than to the Yangtze River basin. In
addition, there has been no signiﬁcant change in monthly precipi-
tation and water discharge from the pre-dams period to the post-
dams period in the Pearl River (Fig. 5a and b).
The multi-year average of monthly sediment load in the Pearl
River has also shown a seasonal pattern of a highest value in June
and a lowest value in winter months for both the pre-dams and
post-dams periods (Fig. 5c). However, the monthly sediment loads
in the post-dams period were lower than those in the pre-dams
period, with difference being highest in summer and lowest in
winter (Fig. 5c and d).
Seasonal distribution of precipitation, water discharge and sed-
iment load in the Pearl River has been signiﬁcantly different be-
tween years (Fig. 6). For example, the summer precipitations in
1963 and 1989 were lower than in the other years (Fig. 6a), which
resulted in extremely low water discharge and sediment load in
the same periods (Fig. 6b–d). On the other hand, the summer pre-
cipitations in 1968 and 1994 were higher than in other years
(Fig. 6a), leading to extremely high water discharges and sediment
load peaks (Fig. 6b–d). Interestingly, the interval between the two
drought events and the interval between the two ﬂood events were
both 26 years.
Fig. 4. Plots of cumulative sediment load against water discharge. In ﬁgure a and b,
period in 1954–1980 represents overall balance between deforestation and dam
construction, period in 1981–1988 represents deforestation exceeds dam construc-
tion, period from 1990 to present represents the combined action of dam
construction and soil preservation; in ﬁgure c, period in 1954–1982 represents
balance between deforestation and dam construction, period in 1983–1991
represents deforestation exceeds dam construction, period from 1992 to present
represents the combined action of dam construction and soil preservation; in ﬁgure
d, period from 1990 to present represents the combined action of new dams and
soil preservation. The dam information is shown in Table. 2.
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suspended sediment concentration (SSC) were annular, and the
temporalmovement of data point in the rating curveswas clockwise
(Fig. 7). This clockwise hysteresis is opposite to that found in
the Yangtze River (Xu and Milliman, 2009). The clockwise mode of
the rating curves ofmonthly water discharge versus SSC in the Pearl
River indicates that the SSC is higher in the increasing stage ofwater
discharge than in the decreasing stage of water discharge, which
reﬂects greater sediment supply in the increasing stage of water
discharge than in the decreasing stage of water discharge. It can
be assumed that sediments derived from weathering in the dry
season are transported mainly in the increasing stage of the water
discharge. In the Yangtze River, sediment derives mainly from the
northwest part of the catchment basin. In its increasing stage (prior
to July), the water discharge of the Yangtze River is mainly contrib-
uted by the southeastern tributaries where sediment supply is
limited. In the decreasing stage of the water discharge (after July),
the contribution rate of the northwestern tributaries to the Yangtze
water discharge increases because of the northwestwardmovement
of the rain belt. As a result, the SSC of the Yangtze River is typically
lower in the increasing stage ofwater discharge than in the decreas-
ing stage of water discharge, leading to a counterclockwise mode
(Xu and Milliman, 2009). Fig. 7 also indicates that the monthly SSC
over the post-dams periodwas lower than SSC in the corresponding
month over the pre-dams period. The difference in SSC between the
two periods was particularly great in the wet season (Fig. 7).
4.3. Anthropogenic impacts on sediment load
There are two ways in which human activities can inﬂuence riv-
erine sediment load: i.e., increasing and decreasing sediment load.
Deforestation and water input from other rivers result in increased
sediment load, whereas dam construction, afforestation, soil pres-
ervation, and water diversion result in reduced sediment load
(Yang et al., 2002;Walling, 2006). When both positive and negative
inﬂuences on sediment load are occurring (i.e., over the same per-
iod of time), the extent of measurable change in sediment load de-
pends on the relative balance of the two.
4.3.1. Impacts of deforestation on sediment load
After the SecondWorld War, the War of Liberation in China, and
the Korean War, China entered a period of peace during the 1950s,
which resulted in rapid increases in population and deforestation
(Yang et al., 2002). At the end of the 1970s, China engaged in a pro-
gram of agricultural and economic reform. Land was distributed to
peasants, and planting was greatly stimulated, which further in-
creased deforestation. Dam construction on the Pearl River began
in the 1960s, but generally declined in the 1980s (Table 4). Hence,
deforestation probably exceeded dam construction in the 1980s,
which resulted in an increase in sediment load (Fig. 4a). Water dis-
charge in the 1980s was equal to that in the 1950s and 1960s,
whereas sediment load in the 1980s was 10% higher than that of
the 1950s and 1960s (Table 4). More typically, the regression rela-
tionships indicate that the sediment load between 1980 and 1988
was 30% higher than that between 1954 and 1960, while water
discharge was similar in both periods (Fig. 8a). Compared with
the West and North rivers, the inﬂuence of deforestation on sedi-
ment load in the East River, where dam construction has domi-
nated since 1960, did not outweigh the inﬂuence of dam
construction during any of the periods studied (Figs. 4d and 8d).
4.3.2. Impacts of dam construction on sediment load
4.3.2.1. Impacts of dam construction on annual sediment load. When
dam construction outweighed deforestation, the annual sediment
Fig. 5. Monthly precipitation, water discharge, sediment load and decrease in sediment load of a pre-dams decade (i.e., the sediment load was hardly inﬂuenced by dams) in
comparison with a post-dams decade, the Pearl River. Rate of decrease in ﬁgure (d) means the ratio of the decrease in sediment load to pre-dams sediment load; Contribution
to annual decrease in ﬁgure (d) means the percentage of decrease in monthly sediment load among the decrease in annual sediment load.
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er in the 1960s (Figs. 4d and 8d), and then in the West and North
rivers in the 1990s (Figs. 4b and c and 8b and c). With the increase
in cumulative reservoir storage capacity, the sediment load de-
creased. For example, in the West River, sediment load decreased
by one third after construction of the YD, BLD, and TD (see Table
2 for deﬁnitions of dam abbreviations) between 1992 and 1997,
and by a further one third after construction of the LD and BD in
2006 (Figs. 4b and 8b). Because most of the sediment load of the
Pearl River is derived from the West River, similar changes oc-
curred in the main Pearl River (Figs. 4a and 8a).
4.3.2.2. Impacts of dam construction on seasonal distribution of
sediment load. Seasonally, the majority of dam-induced decreases
in sediment load (95%) occurred during the wet season (from April
to September) (Fig. 5d), when water discharge and sediment load
are higher (Fig. 5c and d). While precipitation and water discharge
showed little change in the period after most of the dams were
constructed (2000–2009) (Fig. 5c and d), sediment load decreased
signiﬁcantly each month (Fig. 5c). However, the rate of decrease
varied between months; in June and July, when water discharge
and sediment load were highest (Fig. 5b and c), the rate of decrease
in sediment load was much less than the annual average (Fig. 5d).
This was probably because ﬂow velocity is higher during these
months, thereby hindering the deposition of suspended sediment
in the reservoirs. Surprisingly, the greatest decease in sediment
load did not occur during the dry season, probably because this
is when water is released from the reservoirs. In addition, the high-
est monthly contribution to annual decreases in sediment load was
August, which was just 2 months after the period of highest sedi-
ment loads (Fig. 5d). This result probably reﬂects an increase in
water storage in the reservoirs during the late wet season. In China,
seasonal water impoundment tends to occur after the ﬂood season.
During the ﬂood season, reservoirs often avoid water impound-
ment unless ﬂood controlling is needed (Yang et al., 2002). There-
fore, seasonal changes in reduction of sediment load mainly
reﬂected reservoir regulation practices.4.3.3. Complexity of anthropogenic impacts on sediment load
Anthropogenic inﬂuences on the sediment load of rivers, partic-
ularly large rivers, are usually complicated by various factors (Yang
et al., 2002; Syvitski et al., 2005; Xu et al., 2006; Zhang et al., 2008).
In the present study, the balance between deforestation and dam
construction was clearly an important factor. The plot of cumula-
tive water discharge against sediment load for the Pearl River indi-
cates that there was no signiﬁcant anthropogenic (or climatic)
trend in sediment load until the 1980s (Fig. 8a). However, by the
end of the 1970s, the cumulative storage capacity of reservoirs
within basin reached 26 km3, or one third of the storage capacity
in 2009 (Table 4). For 10 of the reservoirs constructed before
1980 (with a total storage capacity of 21 km3), the total sediment
deposition rate was 33 Mt/yr (Dai et al., 2008). If the total storage
capacity of all the reservoirs in the basin is taken into account (i.e.,
29.5 km3, not including numerous smaller reservoirs), then the to-
tal deposition rate would have been 50 Mt/yr by the end of the
1970s. This is the amount of sediment trapped in the reservoirs
that may have been balanced by deforestation within the Pearl Riv-
er basin. Although less is known about deforestation for the whole
basin, the area of land affected by erosion in the Guangxi (a prov-
ince of China which covers most of the catchment area in the West
River) and Guangdong province (a province which covers the ba-
sins of the North River and East River of this study) (Fig. 1b) in-
creased by 28,000 km2 between the 1950s and the 1980s. Studies
in the Yangtze River basin (to the north of the Pearl River basin)
indicate that the area of surface erosion increased from
350,000 km2 in 1951 to 562,000 km2 in 1985, and that the sedi-
ment yield entering the Yangtze River system increased from 600
to 950 Mt/yr over this period (Yang et al., 2005 and references
therein). The Yangtze River catchment area is four times larger
than that of the Pearl River. A preliminary comparison between
the Yangtze and Pearl rivers indicates that sediment yield entering
the Pearl River may have increased by 50 Mt/yr by the end of the
1970s. That is, during the 1950–1970s, the increasing effect of
deforestation on sediment load was roughly balanced by the
decreasing effect of dam construction.
Fig. 6. Monthly precipitation (a), water discharge (b), sediment load (c) and SSC (d) recorded in the Pearl River basin from 1954 to 2009. The major hydrological events are
indicated by circle numbers:r drought event in 1963,s ﬂood event in 1968,t drought event in 1989,u ﬂood event in 1994,v construction of YD, andw construction of
LD.
Fig. 7. The rating curves of monthly water discharge versus suspended sediment
concentration for 1954–1960 and 2000–2009 in Pearl River basin. Numbers on the
curves represent the sequential months (6 for June, 7 for July and 8 for August) of
the different periods.
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sediment load in the Pearl River basin since the 1990s is the con-
currence of dam construction and soil preservation, which in some
cases are both important (Meade and Moody, 2010). Since the Soil
Preservation Law of the Republic of China was enacted in 1991,
great efforts have been made to control soil erosion in China’s riv-
ers, including the Pearl River. In the Yellow River, the inﬂuence of
soil preservation on decreases in sediment load has almost equaled
the inﬂuence of dam construction (Xu, 2003; Wang et al., 2007). In
the Yangtze River, soil preservation has been the second most
important cause of decreases in sediment load after dam construc-
tion (Xu et al., 2006; Yang et al., 2006). Soil preservation is also
likely to have contributed to the decrease in sediment load in the
Pearl River since the 1990s. For example, in the East River, the plot
of sediment load against water discharge suggests a signiﬁcant de-
crease in sediment load relative to water discharge in the 1990s
(Fig. 4d). On the other hand, no large dams have been constructed
Table 4
Average precipitation, water discharge, sediment load, and reservoir storage capacity in the Pearl River over the past six decades.
Decade Precipitation (mm/yr) Water discharge (km3/yr) Sediment load (Mt/yr) Storage capacity (km3)
New constructed Cumulative
1950–1959 1620 277 79 0.4 0.4
1960–1969 1610 271 76 21.4 21.8
1970–1979 1670 301 83 4.3 26.1
1980–1989 1680 272 87 3.7 29.7
1990–1999 1730 308 75 16.5 46.2
2000–2009 1650 268 36 32.9 79.1
Fig. 8. Plots of sediment load against water discharge over different periods of time in the (a) Pearl River (Gaoyao, Shijiao, and Boluo stations); (b) West River (Gaoyao
station); (c) North River (Shijiao station); and (d) East River (Boluo station); S: sediment load; W: water discharge; SP: soil preservation).
Fig. 9. (a) Time series of water discharge and sediment load at Tian’e station, upstream of the West River (TD: Tiaoshengqiao Dam; LD: Longtan Dam); (b) cumulative
sediment load against water discharge at Tian’e station; (c) sediment discharge against water discharge at Tian’e station for different periods of anthropogenic impact.
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since the 1990s may be due mainly to soil preservation. Neverthe-
less, for the whole Pearl River, soil preservation has likely been a
minor cause of the decrease in sediment load since the 1990s. This
argument is based on two points. First, the area of land affected by
erosion in the Pearl River basin decreased by 23% (19,000 km2)
between the 1980s and 1990s, and has remained largely un-
changed since then (Dai et al., 2008). That is, despite soil preserva-
tion, the area affected by erosion has been greater since the 1990s
than in the 1950s. Based on the relationship between sediment
yield and the area of erosion, we estimate that soil preservation ac-
counts for a decrease in sediment entering the river of around
30 Mt/yr. Considering that each of the major Pearl River tributaries
is now dammed, if this sediment was not retained by soil preserva-
tion it would have been trapped in reservoirs (Fig. 1b; Table 2).
Second, reservoirs constructed since the 1990s account for the
majority of the existing storage capacity in the basin (Table 2); sed-
iment deposition in these more recent reservoirs has been consid-
erable. For example, the deposition rate in the YD reservoir
between 1992 and 2002 was 35 Mt/yr (Dai et al., 2008). The sedi-
ment load recorded at Tian’e station decreased by 30 Mt/yr after
closure of the TD and decreased by a further 30 Mt/yr after the
closure of the LD, resulting in a cumulative decrease in sediment
load of more than 90% (Fig. 9).Fig. 10. Water discharge and sediment load at Qianjiang station (the middle reac
Fig. 11. (Left) Regression relationship between water discharge (W) and precipitation (
based on monthly data for 1957–1959 (measurements of water discharge and sediment l
the largest tributary of the Pearl River; reconstructed values for the period 1954–1956A third factor inﬂuencing anthropogenic impacts on riverine
sediment loads in the Pearl River is the characteristics of the dams
built within the basin. The inﬂuence of a dam on sediment load de-
pends not only on its reservoir storage capacity, but also on its
location on the river, which determines the reservoir catchment
area, water discharge, sediment load, and whether other dams
have been constructed farther upstream. For example, although
the XFD is the oldest and, until now, the second largest reservoir
in the Pearl River basin (with a storage capacity of 14 km3, or
18% of the total reservoir storage capacity), it was constructed
across a tributary of the East River (Xinfengjiang) where the catch-
ment area is only 5.7  103 km2 and the sediment load prior to its
operation was just 0.8 Mt/yr (Table 2). Therefore, the impact of this
dam on sediment load in the main Pear River was not signiﬁcant
(Figs. 3a and 4a). Although the DD was constructed across the Hon-
gshuihe River (the middle reach of the main Pearl River) and has a
catchment area of 112  103 km2 and a sediment load of 42 Mt/yr,
its reservoir storage capacity is only 0.96 km3, or 2% of the total
water discharge (Table 2). This has resulted in a reservoir deposi-
tion rate of 8.6 Mt/yr (Dai et al., 2008), or 15% of the sediment load
recorded at the dam. This decrease was not clearly shown in the
sediment load of the main Pearl River (Figs. 3a and 4a). In compar-
ison with the DD, the YD and LD have a much greater reservoir
storage capacity (3.4 and 27 km3, respectively). Their impacts onh of the West River, values between brackets are reservoir storage capacity).
P), and (Right) between sediment load (S) and water discharge for the Pearl River,
oad began in 1957 at Gaoyao, the lowest gauging station on the West River, which is
are not shown to avoid unwanted error).
Fig. 12. (a) Anomalies in annual precipitation; (b) comparison of observed annual water discharge and predicted values based on a regression relationship between annual
precipitation and water discharge for the period 1954–1959 (when human activities are assumed to have had no inﬂuence on annual water discharge); (c) comparison of
observed annual sediment load with predicted values based on a regression relationship between annual water discharge and sediment load for the period 1954–1959 (when
human activities are assumed to have had no inﬂuence on annual sediment load), for which the vertical line represents the error range for water discharge; and (d) comparison
between period-averaged observed and predicted sediment loads, for which the vertical line represents the error range of sediment load (all data are for the Pearl River;
comparisons of predicted mean annual sediment load and measured data are for six periods:1954–1959, 1960–1978, 1979–1990, 1991–1996, 1997–2005, and 2006–2009).
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(Figs. 3 and 4). In some cases, there was a time lag between closure
of a dam and any subsequent impact on sediment load. For exam-
ple, the LD was put into operation in 2006, but the annual sedi-
ment load downstream did not begin to show a signiﬁcant drop
until 2007 (Fig. 9a). This result reﬂects the fact that the exact per-
iod of closure was between the end of September and November in
2006, during which time the volume of water stored was only
3 km3, or 11% of the total reservoir storage capacity (www.GX.xin-
huanet.com). As shown in Fig. 9c, the sediment load of the Pearl
River is very low after September (the cumulative sediment load
during the impoundment period was only 5% of the annual total).
Another factor complicating the impact of dams is that the
amount of sediment trapped in a reservoir is usually greater than
any decrease in sediment load measured at lower stations. For
example, after closure of the YD in 1992–2002, the sediment depo-
sition rate in the YD reservoir was 35 Mt/yr (Tan and Zhong, 2003),
but the sediment loads at Qianjiang and Gaoyao stations decreased
by 30 Mt/yr (Fig. 10) and 10 Mt/yr (Fig. 3a), respectively. After the
closure of the LD (2007–2009), the sediment load recorded at
Tian’e station (17 km downstream) decreased by 22 Mt/yr
(Fig. 9a), suggesting a deposition rate of >22 Mt/yr in the reservoir.
However, sediment loads at the downstream Qianjiang and Gaoyao
stations decreased by 3 Mt/yr (Fig. 10) and 5 Mt/yr (Fig. 3a),
respectively. These marked differences likely reﬂect erosion of
downstream reaches in response to sediment deposition in the res-
ervoirs (Yang et al., 2007a). For example, after the closure of the
Three Gorges Dam, the middle and lower reaches of the Yangtze
River eroded by 60 Mt/yr, which is 40% of the total deposition rate
in the Three Gorges Reservoir (Yang et al., 2011).
4.4. Separating climatic and anthropogenic impacts on annual water
discharge and sediment load
4.4.1. Statistical relationships between precipitation and water
discharge and between water discharge and sediment load prior to
dam construction
The ﬁrst large dam in the Pearl River basin was closed in 1960
(Table 2). Data measured before 1960 are therefore ideal for an
analysis of the relationships between precipitation and water dis-
charge, and between water discharge and sediment load without
the inﬂuence of dams. As shown in Fig. 11, the monthly water dis-
charge is strongly correlated with monthly precipitation (R2 = 0.78)
and with monthly sediment load (R2P 0.91). These relationships
were used to predict climate-governed water discharge and sedi-
ment load, where differences between predicted and measured
data are assumed to reﬂect human impacts.
4.4.2. Climatic impacts on annual water discharge and sediment load
For the period 1954–2009, the predicted annual water dis-
charges based on precipitation data and precipitation–water dis-
charge correlation are in agreement with the measured data in
terms of extreme values in the Pearl River (Fig. 12b), indicating
that inter-annual ﬂuctuations of water discharge in this river were
governed by changes in climate. The difference between predicted
and measured annual water discharges was usually within the er-
ror range of the prediction based on precipitation data (Fig. 12b).
The anthropogenic impact on water discharge (and thereby on sed-
iment load) in the Pearl River basin has therefore been insigniﬁ-
cant. This is contrast to the Yellow River basin, where human
activity has been a major cause of drastic declines in water dis-
charge and sediment load (Wang et al., 2011).
Before the construction of the YD in 1992, the predicted annual
sediment load based on precipitation data and correlations be-
tween precipitation and water discharge and between water dis-
charge and sediment load are in good agreement with themeasured data in the Pearl River (Fig. 12c), which also suggests
that inter-annual ﬂuctuations of sediment load were governed
mainly by changes in climate. Since 1993, although the measured
sediment loads were lower than the predicted values, their inter-
annual ﬂuctuations were still in phase with those of the predicted
sediment load (Fig. 12c). In other words, the climatic impacts on
annual sediment load were retained over the post-dams period.4.4.3. Anthropogenic impacts on annual water discharge and sediment
load
Although the total storage capacity of reservoirs in the Pearl
River basin is currently around 80 km3, these reservoirs were con-
structed during the past 50 years (Table 2). That is, the rate of
water storage has been 1.6 km3/yr on average, or 0.6% of the total
annual water discharge. The largest reservoir, Longtan Reservoir,
was closed in 2006 and its maximum storage capacity (27.3 km3)
is nearly 10% of the total annual water discharge of the Pearl River.
However, only 3 km3 of water was impounded in this reservoir in
2006 (the ﬁrst phase of operation) (www.GX.xinhuanet.com).
Therefore, anthropogenic impacts on water discharge in the Pearl
River have been insigniﬁcant, both with respect to long-term
trends and speciﬁc annual discharge.
In contrast, anthropogenic impacts on sediment load in the
Pearl River have been increasingly signiﬁcant. Before the 1970s,
all the measured annual sediment loads were within the statistical
range of predicted values based on precipitation-controlled water
discharge. In the 1980s, the measured annual sediment loads were
occasionally outside the statistical range of predicted values. Since
1995, all the measured annual sediment loads have been outside
the statistical range of the predicted values (Fig. 12c). On average,
in the 1950s, the measured sediment loads were in good agree-
ment with the predicted values, reﬂecting a negligible anthropo-
genic inﬂuence (Fig. 12d). Between 1960 and 1978, several large
reservoirs were constructed with a total storage capacity of
25 km3 (Tables 2 and 4). This was probably associated with an in-
crease in soil loss that was roughly balanced by deposition in the
dam reservoirs, resulting in less of a difference between measured
and predicted sediment loads (Fig. 12d). Between 1979 and 1990,
the economic reformation and agricultural development in China
signiﬁcantly increased surface erosion in the Pearl River basin;
the area of surface erosion in the basin was almost three times
higher in the mid-1980s than in the 1950s (Xia, 1999). On the other
hand, dam construction (with reservoirs with a storage capacity
<4 km3) slowed during this period (Tables 2 and 4). As a result,
measured sediment loads were nearly 20% higher than predicted
based on precipitation data alone (Fig. 12d), indicating that soil
erosion exceeded deposition in the new reservoirs.
Since 1991, dam construction and soil preservation have gov-
erned changes in sediment load in the Pearl River, reﬂected by lar-
ger differences between measured and predicted values.
Speciﬁcally, after construction of the LD and BD in 2006, sediment
load decreased to 30 Mt/yr (Fig. 12d). The predicted sediment loads
for the periods 1954–2005 and 2006–2009 were 81 and 74 Mt/yr,
respectively. The measured sediment load after the dams were
constructed was 51 Mt/yr lower than that predicted based on pre-
cipitation data for normal years; i.e., 86% of this decrease is attrib-
uted to human activities and 14% to climate change.5. Conclusions
Although the annual water discharge in the Pearl River did not
show any signiﬁcant trend over the past 56 years, inter-annual and
inter-decadal changes were signiﬁcant. These changes were attrib-
uted mainly to climate because ﬂuctuations in water discharge
were in agreement with those in precipitation, and measured
C.S. Wu et al. / Journal of Hydrology 452–453 (2012) 190–204 203water discharge was generally within the statistical range of pre-
dicted values based on precipitation data.
The water discharge time series can be divided into three
phases: an increasing phase (1954–1983), an undulating phase (a
drop decreasing between 1984 and 1989; a signiﬁcant increasing
trend between 1989 and 1993), and a decreasing phase (1994–
2009). Climatic changes are assumed to inﬂuence annual sediment
load in the same way as water discharge, because of an inherently
close statistical relationship between sediment load and water dis-
charge prior to human interference. Since the 1960s, however, hu-
man impacts on sediment load have become increasingly
signiﬁcant. The net human-induced change in sediment load de-
pends on the balance between deforestation and dam construction,
as well as on soil preservation. Generally, in the period 1960–
1970s, deforestation and dam construction were comparable, and
the human-induced change in sediment load was insigniﬁcant
(<5%). In the 1980s, deforestation was likely dominant over dam
construction, resulting in a signiﬁcant human-induced increase in
sediment load (by nearly 20%). Since the 1990s, dam construction
and soil preservation have been dominant over deforestation; con-
sequently, sediment load has shown a rapid decrease.
In each of these phases, human activities either magniﬁed or
dampened the climatic inﬂuences on sediment load. For the recent
rapid decrease, human impact was undoubtedly the dominant
cause; roughly 90% of the decrease in sediment load since 2006
was attributed to dam construction and 10% to precipitation.
The seasonal patterns and magnitude of precipitation and water
discharge show little change from the pre-dams period to post-
dams period. In contrast, changes in sediment load due to reservoir
impoundment and the seasonal regulation of water storage were
signiﬁcant.
By analyzing systematic data of precipitation, water discharge,
and sediment load, and the close statistical relationship among
these factors, it is possible to quantify climatic and anthropogenic
inﬂuences on water discharge and sediment load. Given the large
number of reservoirs in the Pearl River basin and their enormous
storage capacity, the sediment load in the main river is expected
to remain low over a century timescale.
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